Epileptic events elicit a large focal increase in cerebral blood flow (CBF) to perfuse metabolically active neurons in the focus. Conflicting data exists, however, on whether hemoglobin saturation increases or decreases in the focus and surrounding cortex, and whether CBF increases globally or is decreased in adjacent areas. How these hemodynamic events correlate with actual changes in tissue oxygenation is also not known. Using laser Doppler flowmetry, oxygen microsensors and intrinsic optical imaging spectroscopy, we demonstrate that the dip in hemoglobin in the focus correlates with a profound but temporary decrease in tissue oxygenation despite a large increase in CBF. Furthermore, CBF simultaneously decreases in the cortex immediately adjacent to the focus. These events are then replaced with a longer duration, less focal increase in CBF, cerebral blood volume, and hyperoxygenation, the duration of which correlates with the duration of the seizure. These findings raise the question of whether transient focal hypoxia and vascular steal might contribute to progressive deleterious effects of chronic epilepsy on the adult and developing brain. Possible mechanisms based on recent astrocytebased models of neurovascular coupling are discussed.
Introduction
Neuroimaging techniques such as functional magnetic resonance imaging (fMRI) and intrinsic optical imaging (IOS) indirectly measure neuronal activity based on changes in cerebral blood flow (CBF), cerebral blood volume (CBV) and hemoglobin oxygenation. Interpreting these hemodynamic-based measurements is complex and critically dependent on a comprehensive understanding of the competing effects of increased metabolic demand for oxygen and increased delivery of oxygenated hemoglobin, otherwise known as neurovascular coupling (Logothetis and Wandell, 2004; Raichle and Mintun, 2006) . While the majority of investigations into mechanisms of neurovascular coupling have been performed during normal somatosensory processing, very few studies have examined neurovascular coupling during pathological states such as epilepsy (Girouard and Iadecola, 2006) . Epilepsy is an abnormal physiologic state which, unlike normal somatosensory processing, places supranormal demands on the brain's autoregulatory mechanisms due to the enormous increase in neuronal metabolism of oxygen (CMRO 2 ) following both interictal and ictal events (Folbergrová et al., 1981) . Hence, neurovascular coupling mechanisms that apply during normal cortical processing may not be relevant to the epileptic brain. Likewise, epileptic events are dynamic and spread inhomogenously across the cortex on a faster timescale than the indirect hemodynamic signals, which effectively blur this complexity.
Using IOS, our laboratory has recently reported that both interictal and ictal epileptic events elicit a dip in hemoglobin oxygenation that is higher in amplitude and longer in duration than seen during normal somatosensory processing in both animal (Schwartz and Bonhoeffer, 2001; Suh et al., 2005; Bahar et al., 2006) and human brain (Zhao et al., 2007) . However, it was unclear if this data arose from an enormous increase in CBV rather than an actual increase in deoxygenated hemoglobin (Hbr) (Buxton et al., 1998) . Likewise, spectroscopic imaging was not performed to quantify Hbr and CBV and account for light scattering (Sheth et al., 2003) . It was also difficult to reconcile a long epileptic-deoxygenation with fMRI studies of epilepsy that show a positive blood oxygen-level dependent (BOLD) signal, consistent with an ictal hyperoxygenation (Aghakhani et al., 2004; Nersesyan et al., 2004a) . As fMRI becomes more widely used as a method for clinically localizing seizures in preparation for surgical treatment, an understanding of epileptic neurovascular coupling becomes increasingly important. Another curious phenomenon described in IOS and fMRI studies of epilepsy is the "negative signal," which has been reported from the area surrounding an epileptic focus (Haglund et al., 1992; Schwartz and Bonhoeffer, 2001; Suh et al., 2005) . Originally thought to correspond with a ring of neuronal inhibition, the origin of the negative intrinsic signal change is unclear from a hemodynamic perspective, since the IOS studies reporting the negative signal were done either at a single wavelength sensitive only to light scatter or without spectroscopic analysis, and the BOLD signal arises from a combination of hemodynamic events related both to hemoglobin oxygenation and CBV.
To address these outstanding questions, we performed simultaneous IOS spectroscopy and direct tissue measurements of oxygen tension with two oxygen sensitive electrodes, one placed in the focus and one in the adjacent surrounding cortex of an acute ictal focus in rat neocortex. Two laser Doppler flowmetry (LDF) probes were also used to directly measure CBF from the focus and surround to describe the spatiotemporal evolution of the hemodynamic events associated with an ictal event.
Materials and Methods
Animal preparation. All experimental procedures were approved by the Weill Cornell Medical College Animal Care and Use Committee following National Institutes of Health guidelines. Adult male Sprague Dawley rats (250 -380 g) were initially anesthetized with 2-4% isoflurane in 70% N 2 :30% O 2 by facemask and maintained on 1-3% isoflurane in 70% N 2 : 30% O 2 . Body temperature was maintained at 37°C with a regulated heating blanket (Harvard Apparatus). The heart rate, arterial blood oxygen saturation (SpO 2 ), and End-Tidal CO 2 (ETCO 2 ) were carefully monitored with a SurgiVet V9004 Capnograph (SurgiVet) and were maintained stable at normal values throughout the experiment (heart rate: 250 -300 pulse/min, pO 2 Ͼ 90%, ETCO 2 ϳ25-28 mmHg). An electrocardiogram was recorded between leads attached to the right hindlimb and to the scalp, which was shaved. Animals were placed in a stereotaxic frame. A ϳ5 ϫ 8 mm cranial window was opened over one hemisphere between and bregma to expose somatosensory cortex and surrounding brain. The dura was carefully removed. A custom chamber was adhered to the skull and filled with silicone oil (viscosity ϳ30000 mPa.s, Sigma) after positioning all electrodes and/or probes.
Epilepsy model and electrophysiology. Ictal discharges were induced by injecting 4-aminopyridine (4-AP, Sigma, 15 mM, 0.5 l) through a singlebarreled glass microelectrode using a Nanoject II injector (Drummond Scientific). A second single-barreled glass microelectrode (impedance, 2-4 M⍀) filled with 0.9% saline was positioned Ͻ1 mm from the 4-AP electrode and lowered to a depth of 300ϳ500 m into the neocortex. Extracellular local field potential (LFP) was amplified and filtered between 0.1 and 500 Hz using a DAB-S system (World Precision Instruments), and digitized at 1000 Hz by a CED Power 1401 (Cambridge Electronic Design). Data were recorded by a PC running the Spike2 software (Cambridge Electronic Design).
Laser Doppler flowmetry. Two custom angled stainless steel LDF probes were placed on the cortex simultaneously to avoid large blood vessels (wavelength, 780 nm; fiber separation, 0.25 m; Perimed); one as close as possible to the 4-AP electrode (heretofore referred to as the "Focus") and the second at least 2 mm away in the cortex surrounding the ictal onset zone (heretofore referred to as the "Surround"). LDF provides continuous hemodynamic monitoring of red blood cell velocity and red cell concentration yielding a calculated CBF measure that correlates with traditional methods (Skarphedinsson et al., 1983) . CBF was continuously recorded by the PeriFlux System 5000 (Perimed). Data were acquired at 200 Hz with a 0.05 s time constant using a CED Power 1401 and Spike2 software (Cambridge Electronic Design). Cross-talk between the two Doppler probes was determined by extinguishing and illuminating one probe at varying the distance away from the second probe while recording the change in light intensity (see supplemental Material, available at www.jneurosci.org).
Tissue oxygenation. Tissue oxygenation was measured with two simultaneous Clark-style polarographic oxygen microsensors, which respond linearly to tissue oxygen concentration changes. The tip of the microsensor is 25 m in diameter with a 90% response time of Ͻ0.5 s. The tip measures a sphere of tissue ϳ60 m in diameter. Calibrations were performed at 37°C in saline equilibrated with either bubbling air (atmospheric pO 2 ) or 100% N 2 gas (zero pO 2 ) before each experiment. The oxygen microelectrodes were inserted ϳ400 m deep into the neocortex, one located as close as possible to the 4-AP injection site ("Focus") and the other positioned at least 2 mm away ("Surround"). The signal was measured with a high-impedance picoammeter (PA 2000, Unisense) and recorded to the computer by a CED Power 1401 and Spike2 software (Cambridge Electronic Design). An off-line 0.3 Hz lowpass filter was used to remove the artifacts caused by spatial displacement (Masamoto et al., 2003; Offenhauser et al., 2005) .
Intrinsic optical spectroscopic imaging. The exposed cortical surface was illuminated with white light using a 100 W halogen lamp with a DC regulated power supply through two fiberoptic light guides. Reflected light from the cortical surface was collected by a 50 mm camera lens and divided into two separate paths by a beamsplitter. Each light beam passed through a second 50 mm camera lens and an interference filter tuned to one of two different wavelengths (570 Ϯ 10 or 610 Ϯ 10 nm). These wavelengths were chosen because 570 nm is an isosbestic wavelength of hemoglobin, meaning that hemoglobin absorbs light equally well in the oxygenated and deoxygenated state and provides a direct measure of total hemoglobin (Hbt). Hbt is equivalent to cerebral blood volume (CBV) if the hematocrit remains constant, and CBV is proportional to CBF (Sheth et al., 2004a) . At 610 nm, however, deoxygenated hemoglobin (Hbr) absorbs light more strongly than oxygenated hemoglobin (HbO 2 ), and it is possible to directly quantify both Hbr and Hbt with the appropriate calculation (see below) (Frostig et al., 1990; Sheth et al., 2004b ) Pixels were binned 2 ϫ 2 (21 m/pixel) and collected by two charge-coupled device cameras, and images were acquired at a frame-rate of 10 Hz (Imager 3001, Optical Imaging). The camera was focused ϳ500 m below the cortical surface. A floating bench (Newport) was used to minimize motion artifacts.
Optical imaging could be performed simultaneously with oxygen microelectrode recording but not simultaneously with the Doppler measurements on account of the size of the Doppler probes.
Data analysis. LFP data were acquired simultaneously with either LDF or combined pO 2 and IOS to measure the onset-time of the seizure and duration. The offline analysis was performed using custom analysis software written by Matlab (MathWorks). Seizure onset was determined by visual analysis of the EEG from the initial negative deflection of the large spike that preceded all seizures. Since ictal events can have a varying electrographic morphology, we only analyzed those that had no interictal spikes during the 10 s before the ictal onset and that began with a large population spike followed by a recruiting rhythm to eliminate any confusion regarding the onset of the seizure (see Fig. 1 ). Termination was determined at the cessation of spike and wave events and the return to baseline, preictal activity. CBF and tissue pO 2 data were converted to percent change (⌬) from baseline by subtracting then dividing the average baseline value obtained over a 2 s block of time beginning 2 s before the onset of the ictal discharge using Equation 1:
where V % ⌬ baseline is the final value of CBF and pO 2 , V raw is the raw value, and V baseline is the average baseline value. The magnitude of the response was estimated as the area under the curve above (positive) or below (negative) two SDs from the pre-event baseline.
For the optical signals, a modified form of the Beer-Lambert law was used to calculate Hbr, HbO 2 , and Hbt changes from the 570 nm and 610 nm data with pathlength correction (Sato et al., 2002; Sheth et al., 2004b) using Equation 2:
I 0 is the prestimulus intensity, I(t) the measured intensity time course, extinction coefficients, l the pathlength through the tissue, S scattering, ⌬[Hbr](t) and ⌬[HbO 2 ](t) are the time courses of change in absorption, and superscript indicates wavelength dependency. By measuring I o and I(t) at two wavelengths and using the known wavelength dependency of the optical pathlength (␣ϭ ϫ l ), we determine a pathlength corrected value of ⌬[Hbr](t) and ⌬[HbO 2 ](t). Functional spectral time courses were reported as relative changes from baseline. Each frame following the onset of each seizure was divided by an average of the 20 frames before the onset. Spatial low-pass filtering was achieved by convolution with a Gaussian kernel ( ϭ 3 pixels, ϳ63 m). Two region of interest (ROI; 5 ϫ 5 pixels) were selected. One was on the ictal focus (adjacent to oxygen microsensor in the focus) and the other was in the ictal surround (adjacent to the second distant oxygen microsensor), selected to avoid large blood vessels. An average of percent fractional changes of Hbr and Hbt at each time point in those two ROIs was used for further analysis.
For all data, statistical significance was determined with ANOVA and post hoc tests comparing the baseline mean (SD) measurement of results averaged over all seizures in all animals for the 2 s baseline before the seizure onset with the mean (SD) values following seizure onset for each time point. All data were expressed as means Ϯ SE of mean (SE). We used SPSS or Matlab for statistical analyses. Comparisons between optical data and either tissue pO 2 or Doppler measurements were performed with two-tailed t tests with Welch correction assuming unequal SDs and also with regression models.
Results

Acute focal 4-AP seizures
Ictal discharges were induced by local injection of 4-AP and recorded with an adjacent LFP electrode. One hundred and eightynine seizures were recorded in 11 rats. Spontaneous ictal discharges occurred periodically for up to 2 h with mean (ϮSE) duration of 96.9 Ϯ 3.1 s and an interseizure interval of 20ϳ600 s. Interictal spikes also occasionally occurred with varying frequency during the interseizure intervals ( Fig. 1 A) . 4-AP ictal discharges typically initiated with a large biphasic spike. These spikes were identical in shape and amplitude to the occasionally observed interictal spikes ( Fig. 1 B) . The initial spike was typically followed by a low-amplitude fast activity with progressive increase in amplitude (recruiting rhythm), then a period of rapid spike and wave activity and a gradual decrease in spike frequency and amplitude at the offset of the seizure (Fig. 1C) .
Cerebral blood flow in the focus and surround during the ictal discharge LDF, which measures changes in red cell velocity and concentration, was used to detect changes in CBF simultaneously in the focus and in the surrounding cortex (Fig. 2) . To determine if cross-contamination occurred between the two probes, the effect of illuminating and extinguishing one probe was recorded in a second probe at varying distances. The cross-talk between our two custom LDF probes in the cortex was ϳ2.9 Ϯ 0.5% (supplemental data and Fig. S1 , available at www.jneurosci.org as supplemental material). After ictal onset, an increase in CBF was recorded in the focus that persisted for the duration of the seizure. In the surrounding cortex, on the other hand, a transient decrease in CBF occurred followed by an increase. Although Figure 2 is an example from a single animal, similar results were obtained from all animals. LDF was measured in a total of 85 ictal discharges from 5 rats (Table 1 ; see Fig. 4 ). Averaged data revealed that in the focus, a significant increase in CBF was identified at 2.94 Ϯ 2.6 s and peaked at 37.7 Ϯ 8.5 s after ictal onset. The maximal amplitude of this change was 55.6 Ϯ 7.8% of baseline and the increase persisted for a few seconds following the termination of the seizure (Table 1 ). In this group of animals, the average length of the seizures was 113.3 Ϯ 16 s, thus the blood flow changes outlasted the duration of the seizure by ϳ 15 s. CBF in the surround, on the other hand, significantly decreased at 2.2 Ϯ 0.9 s after the ictal onset and the mean amplitude of the negative CBF peak was Ϫ20.6 Ϯ 6.8%. The duration of the decrease in the surround was, on average, 10.6 Ϯ 8.9 s and thus a transient event at the onset of the seizure (Table 1 ). The CBF signal in the surround was biphasic and ultimately increased after the transient decrease, as the seizure spread to recruit the surrounding cortex.
Tissue oxygenation in the focus and surround during an ictal discharge
We measured the partial pressure of tissue oxygen (pO 2 ) directly with a Clark-style polarographic oxygen microelectrode. To study simultaneously the changes of tissue oxygenation in the focus and surround, two separate oxygen electrodes were placed both adjacent and distant from the 4-AP electrode (Fig. 2C ). An example of the change in pO 2 in the focus and surround from a single animal is shown in Figure 2 D. In the ictal focus, the typical pO 2 was biphasic with an early dip after ictal onset (deoxygenation), followed by a longer duration increase in pO 2 (hyperoxygenation). Averaged data in 104 seizures (n ϭ 6 rats), showed that in the focus the mean amplitude of the pO 2 initial dip peak was Ϫ22.8 Ϯ 2.1% with a duration of 13.6 Ϯ 2.9 s (Table 1; see Fig.  4 ) and an onset latency of 1.6 Ϯ 0.9 s following the initiation of the seizure. Tissue pO 2 was biphasic in the focus and following the initial deoxygenation we recorded a larger, longer period of hyperoxygenation that reached a peak amplitude of 32.5 Ϯ 6.8% and lasted for 45.2 Ϯ 4.7 s. In this group of animals, the average duration of the seizures was 82.2 Ϯ 10 s. Although in some cases the oxygen signal returned to baseline simultaneously with the offset of the seizure, on average, tissue pO 2 returned to baseline ϳ20 s before seizure termination. At a distance from the ictal focus, in the surround, the pO 2 was monophasic and significantly increased within 3.3 Ϯ 1.1 s of ictal onset to a peak amplitude of 33.6 Ϯ 12.5% that lasted 42.6 Ϯ 6.5 s, returning to baseline before the offset of the seizure (see Fig. 4 ). These data indicate that the influx of blood into the focus is inadequate to perfuse the hypermetabolic neurons for ϳ10 s, after which there is a period of hyperperfusion and hyperoxygenation.
Optical spectroscopic imaging of ictal discharge
Because Doppler probes and oxygen electrodes only sample local adjacent cortex, we increased our spatial sampling with the use of optical imaging. IOS, however, does not measure precisely the same physiologic events as LDF and oxygen electrodes since the optical signal is sensitive to hemoglobin oxygenation rather than CBF or tissue pO 2 . However, correlations between tissue pO 2 or CBF and the IOS data permitted us to address several additional questions. First, how well does hemoglobin oxygenation correlate with direct measurements of tissue pO 2 ? Are these coupled or uncoupled during epileptic events? Second, what is the correlation between CBF and CBV (Hbt)? These data are particularly useful since they are relevant to the BOLD signals measured with fMRI, a technique that is increasingly being used clinically to make decisions about the treatments of patients with epilepsy.
In these experiments we were able to measure tissue pO 2 simultaneously from the focus and surround while measuring the IOS (Fig. 3) . A total of 25 seizures (n ϭ 6 rats) were recorded, and results were averaged together. The average length of seizures in this group of animals was 77.2 Ϯ 10 s. The Hbr signal also showed a transient dip in hemoglobin oxygenation (increase in Hbr) at the onset of the seizures. The hemoglobin oxygenation dip began at 0.7 Ϯ 0.6 s, and peaked at 0.9 Ϯ 0.1 s (Table 1; Fig. 4 ). The duration of the hemoglobin oxygen dip was 3.79 Ϯ 0.9 s with a peak amplitude of 5.9 Ϯ 1.6%. The hemoglobin oxygen dip was shorter in duration by one-third compared with the dip in tissue pO 2 ( p Ͻ 0.01). Like the pO 2 measurements, the Hbr signal was also biphasic showing a delayed increase in hemoglobin oxygenation (decrease in Hbr) in the focus that had an average peak amplitude of Ϫ5.7 Ϯ 1.1% and a duration of 47.8 Ϯ 9.3 s. This delayed hyperoxygenation of hemoglobin was not statistically different in duration than the delayed increase in tissue pO 2 ( p Ͼ 0.05) ( Table 1 ). In the surround, Hbr decreased by 3.1 Ϯ 1.9% with a duration of 40.5 Ϯ 10.1 s, which was of equal duration as the increase in tissue pO 2 in the surround. Although the percent change in the amplitude of the pO 2 signal was much larger than the corresponding percent change in Hbr, it is difficult to directly compare these signals since they are measured in different units and have different baseline fluctuations in signal-to-noise.
Our IOS measurements also provided a measurement of Hbt during ictal onset, evolution and offset from the surface of the cortex, which corresponds with CBV (Fig. 3) . Within 0.8 Ϯ 0.9 s of the electrographic onset of the seizure, the Hbt signal increased to a maximum amplitude of 7.2 Ϯ 1.5% in the focus (Fig. 4) . The Hbt increase lasted for 49.6 Ϯ 9.3 s, which was significantly shorter than the duration of the electrographic seizures ( p Ͻ 0.001). In the surround, the Hbt signal decreased slowly, beginning 7.3 Ϯ 5.4 s after ictal onset to an average peak amplitude of Ϫ1.2 Ϯ 1.8% (Figs. 3, 4) . On average, the decrease in Hbt lasted for 21.8 Ϯ 5.6 s, which was longer than the decrease in CBF, likely caused by the location of the ROI and the limited sampling of ROI measurements. Figure 4 displays the CBF, pO 2 , Hbr, and Hbt changes averaged over all animals at seizure onset for comparison. For biphasic events, both increases and decreases are reported. CBF (Surround): the decrease occurs first; pO 2 (Focus): the decrease occurs first; Hbr (Focus): the increase occurs first. The onset latency refers to the first statistically significant change following the onset of the seizure. Value are means Ϯ SE. CBF (n ϭ 85 seizures; 5 rats), pO 2 (n ϭ 104 seizures; 6 rats), Hbt, and Hbt (n ϭ 25 seizures; 6 rats). Simultaneous measurements of tissue pO 2 , Hbt concentration, and Hbr concentration from the focus and surround are time-locked with the course of the seizure. Note that a small transient dip in tissue pO 2 and increase in Hbr occur in the focus at the onset of the seizure, followed by a longer hyperoxygenation despite an increase in Hbt. In contrast, measurements from the surround reveal only hyperoxygenation and a decrease in Hbt. B, Image of cortical surface (570 nm) to demonstrate locations of 4-AP (yellow), LFP electrode (green), oxygen microsensor in focus (red) and in surround (blue). Two square dots are the locations of the ROIs in the focus (red) and surround (blue) shown in A (bottom plots of Hbr and Hbt). Scale bar, 500 m. C, Hbr images at selected time points with respect to seizure onset (top) show short increase in Hbr in the parenchyma of the focus followed by a longer, more widespread decrease in Hbr in the draining veins. Hbt images at similar time points (bottom) show an increase in Hbt in the arteries and capillaries in the focus with a small persistent decrease in the surround.
Correlation between duration of seizure and perfusion/oximetry changes
Because the duration and electrographic morphology of each seizure varies over time, examination of averaged data can potentially overlook correlations between hemodynamic and electrographic information. For this reason we plotted seizure duration against the duration of the hemodynamic events. Neither the duration of the increase in Hbr nor the duration of initial decrease in tissue pO 2 in the focus correlated with the duration of ictal discharge (Fig. 5A ). However, both the duration of the later decrease in Hbr and the increase in tissue pO 2 measured from the focus correlated with the ictal discharge duration (Fig. 5B) . Likewise, the duration of the increase in Hbt and increase in CBF also strongly correlated with the seizure duration (Fig. 5C,D) . These results suggest that measures of perfusion such as CBF and Hbt (CBV) correlate well with the duration of seizures compared with the duration of the initial dip which is relatively fixed. In fact, IOS imaging of Hbt provided a nearly 1:1 measurement of seizure duration. Similarly, the duration of the later increase in hemoglobin and tissue oxygenation, which are elicited by the influx of oxygenated hemoglobin and comprise a significant proportion of the positive BOLD signal measured with fMRI, also correlate with seizure duration.
Correlation between hemoglobin and tissue oxygenation
Because the existence of the initial dip during normal sensory processing and epileptic events has been challenged, we performed a direct comparison between the IOS measurements of hemoglobin oxygenation and tissue oxygenation from the focus during seizures in which the two were measured simultaneously. Similar to the average data from all animals described earlier in the paper, the duration of the initial dip in hemoglobin oxygenation, or increase in Hbr, was significantly shorter than the duration of the decrease in tissue pO 2 (Table 1 ) (p Ͻ 0.001).
To elucidate the conversion function between the initial decrease in pO 2 and the increase in Hbr (initial dip), we plotted the maximal amplitude of each signal for each seizure in which both were recorded simultaneously (Fig. 6) . A larger decrease in tissue pO 2 elicited a larger increase in Hbr. This correlation was statistically significant with both linear and polynomial equations (Fig. 6 ). The polynomial model, however, fit the data significantly better than the linear equation (F statistic, p ϭ 0.008). This result is biologically significant since it implies that the relationship between tissue pO 2 and Hbr is not linear. More specifically, smaller decreases in tissue pO 2 elicited a variable hemodynamic dip, whereas larger decreases in tissue pO 2 more consistently elicited a larger hemodynamic dip.
Temporal dependence of perfusion and oximetry in epilepsy
Because epilepsy is a dynamic neuronal event that evolves over time, mechanisms of neurovascular coupling may not be static. This is a contrast to studies of brief sensory stimulation in which a steady state may exist. We thus investigated the temporal dependence of the relationship between pO 2 and Hbr by plotting the resulting data points for each second during the first 20 s after the onset of the seizure (Fig. 7A ). In the relationship of Hbr and pO 2 , a general second order polynomial regression provided a better fit than the linear regression, although both were significant (F statistics for best fit, p ϭ 0.008) (Fig. 7A) . The data clearly show three stages in the evolution of the seizure. First is the onset, in which there is a dip in pO 2 and an increase in Hbr (Fig. 7A,  green circles) . Second is the evolution, in which the dip in pO 2 persists but the Hbr signal inverts as the concentration of oxygenated hemoglobin increases despite the dip on tissue pO 2 . Finally, tissue pO 2 becomes hyperoxygenated as does hemoglobin (seen in the top left of the graph in Fig. 7A) .
A similar analysis of the evolution of the relationship between CBF and Hbt also reveals a temporal dependence; however, only two stages are apparent (Fig. 7B) . In the regression analysis of CBF and Hbt, the linear model, the polynomial model, and the power model were all significant, although the power regression had a better fit than the linear regression and the polynomial regression (F statistics, p ϭ 0.004 and p ϭ 0.03, respectively). There is no steady state at the onset of the seizure but rather a rapid increase in CBF and Hbt as the seizure evolves and then a later steady state with a fractionally greater increase in CBF than Hbt (seen in top right of the graph in Fig. 7A ). This result supports a nonlinear relationship between CBF and CBV, commonly known as the Grubb's power law (Grubb et al., 1974; Martin et al., 2006) .
Discussion
The principal finding of this study is that tissue oxygenation undergoes a biphasic response to ictal events. An initial dip is followed by a longer duration period of hyperoxygenation that often outlasts the duration of the seizure. These tissue oxygenation changes are more profound and longer in duration than indirect optical measurements of hemoglobin oxygenation and occur despite enormous increases in CBF. Hence, cerebrovascular autoregulation is temporarily unable to meet the increased metabolic demands in the zone of ictal onset and the degree of this neurovascular mismatch is underestimated by both fMRI and IOS. A second significant finding is the decrease in blood flow in the surrounding brain. This drop occurs almost simultaneously with the rise in CBF in the focus and contributes to the negative signals observed around a seizure focus.
Transient dip in tissue oxygenation during seizures
There is little debate that seizures elicit a dramatic, sustained increase in the metabolism of both oxygen (CMRO 2 ) (Meldrum and Nilsson, 1976) and glucose (CMR gluc ) (Engel et al., 1982) . As a result, the brain vasodilates the local vasculature to direct oxygenated blood to the hypermetabolic neurons leading to an increase in CBF in the focus (Kreisman et al., 1991; Nersesyan et al., 2004b) . Although the inadequacy of CBF to meet metabolic demand has been demonstrated in animal models of status epilepticus, primarily caused by systemic collapse after 1-2 h of seizures (Kreisman et al., 1991) there has been little evidence of inadequate oxygenation at the onset or throughout shorter duration ictal events (Martin and Halsey, 1983; Nersesyan et al., 2004a) . Although early studies postulated that hypoxia may contribute to neuronal injury during seizures (Plum et al., 1968; Simon, 1985) , this hypothesis was rejected once it was discovered that excitotoxic injury can occur in areas of the brain that are not hypoxic (Meldrum, 2002) and that the percent increase in CBF surpassed the percent increase CMR gluc (Horton et al., 1980; Siesjö et al., 1986) .
In fact, it has been generally accepted that perfusion is adequate to meet metabolic demand during epileptic events (Ingvar, 1986) . Indeed, we show in the 4-AP model that ictal events elicit a 50% increase in CBF, which persist throughout the length of the seizure. Nevertheless, a transient of 23% decrease in pO 2 occurs which is much larger than the 3-4% decrease reported in studies of normal somatosensory processing (Thompson et al., 2003) . How do we reconcile our data with the literature? Most prior studies used techniques with lower spatial and temporal resolution such as mass spectrometry (Pinard et al., 1987) , spectrophotometry measurements of venous outflow oxygen saturation (Blennow et al., 1979) , fMRI (Nersesyan et al., 2004a) and near infrared spectroscopy (Hoshi and Tamura, 1992) . Because the dip in tissue oxygenation is focal, transient and followed by a larger, widespread hyperoxygenation, it would be easy to miss.
The relationship between tissue and hemoglobin oxygenation
We also shown that when direct tissue oxygenation measurements are made simultaneously with noninvasive measurements of hemoglobin oxygenation, the latter underestimate the relative change in tissue oxygen. This is true both of the oxygen undershoot at the beginning of the seizure as well as for the overshoot during the majority of the duration of the seizure. The etiology of the dip is thought to be the utilization of mitochondrial O 2 stores required to replenish the ATP used to restore ion gradients and recycle neurotransmitters (Ances, 2004) . Since oxygen diffuses from the vascular compartments to the tissues based on a diffusion gradient (Zheng et al., 2005; Hermán et al., 2006) then the drop in tissue pO 2 must be sufficiently large to drive the diffusion gradient. In epilepsy, there is a pathologically high increase in CMRO 2 . While the diffusion of oxygen may be linear over the normal range, as the demand rises to supranormal levels, we have demonstrated nonlinearities, which cause a more profound and longer duration dip in the tissue than is observed in hemoglobin.
Inverted optical signal in the surround
In the mid-1960s, Prince and Wilder (1967) described a ring of inhibitory activity around an acute interictal focus in an animal model which they called the "inhibitory surround." This finding was reproduced by other investigators during interictal events in vivo (Goldensohn et al., 1977; Schwartz and Bonhoeffer, 2001) and during seizure-like events in vitro (Trevelyan et al., 2006) . During normal cortical processing negative BOLD signals correlate with these decreases in neuronal activity in some studies (Shmuel et al., 2006) , while other studies have demonstrated that these negative BOLD signals correlate with inhibitory synaptic activity but not firing rates (Devor et al., 2007) or find that negative BOLD only correlates with decreases in CBF (Harel et al., 2002) . However, a decrease in BOLD in the surround is the opposite of the decrease in Hbr, which we describe. Our data indicate a clear decrease in CBF measured with LDF as well as a decrease in CBV measured optically in the surrounding cortex. These findings could not be caused by cross-talk between the two Doppler probes as the maximal effect upon extinguishing one probe was ϳ3% change and probes were never turned off at any time during the experiments and our epileptic signal changes were much larger than this cross-contamination. At the same time, tissue and hemoglobin oxygenation increase despite this decrease in the influx of oxygenated hemoglobin. These data are consistent with a decrease in CMRO 2 in the surrounding tissue as a result of a decrease in neuronal activity, which is proportionally greater than the decrease in CBF. It is not clear if this decrease in CBF is a "vascular steal" phenomenon, unrelated to neuronal activity (Woolsey et al., 1996) or a result of intact neurovascular coupling in areas of decreased CMRO 2 related to relative neural inactivity (Gold and Lauritzen, 2002) . In this latter case, although CBF is decreased, there is a breakdown in neurovascular coupling in the surrounding areas since the relative decrease in CMRO 2 is out of proportion with the decrease in CBF, hence the rise in pO 2 and decrease in Hbr. It is thus possible that neither shunting nor steal occur but on the contrary, that there is relatively more CBF than one would expect given the decrease in metabolism, which could be attributed to a generalized nonspecific increase in CBF in the surround that spills over from the focus. Although merely speculation, possible etiologies for this transient decrease in metabolism in the surround include feedforward inhibition, upregulation of local inhibitory neuronal tone, decreases in glial metabolism or pericyte and upstream arteriolars relaxation (Trevelyan et al., 2006) .
The simplest explanation is a passive model whereby vasodilation propagates upstream in a stepwise manner. Early in the seizure, vasodilation within and around the focus shunts blood from the surround to the focus. This vasodilation could not be due to direct injection of 4-AP, a known vasoconstrictor (Sobey and Faraci, 1999; Quan and Sobey, 2000) . As vasodilation propagates further upstream, CBF increases in the surround as well. In brief, neuronal activity causes local vasodilation through activation of metabotropic glutamate receptors on astrocytes, which initiates propagating calcium waves. Elevated calcium in end-feet cause dilation of arterioles via prostaglandin E2 and modestly elevated levels of potassium (Mulligan and MacVicar, 2004; Takano et al., 2006; Winship et al., 2007) . In addition, pericytes causes local vasodilation of capillaries. Propagated vasodilation to upstream vessels initiates widespread increases in CBF through electrotonic coupling of endothelia and calcium waves (Iadecola et al., 1997 ). An alternative hypothesis involves decreases in neuronal activity in the surround which may cause decreases in pCO 2 , NO and adenosine and increases in pO 2 and pH that may also contribute to distant vasoconstriction, just as the opposite effects cause vasodilation in the focus (Peppiatt et al., 2006) . Further mechanistic studies will be required to tease out these effects.
The relationship between CBF and Hbt
Hbt is proportional to CBV, assuming constant hematocrit (Nemoto et al., 2004) . The relationship between CBF and CBV in the steady-state is best described by Grubb's law (Grubb et al., 1974) . Increases in CBF elicit a fractionally smaller increase in CBV, which varies with the cube root of CBF. Further increases in CBF elicit fractionally smaller increases in CBV, since the compliance of the brain limits the ability of this vascular compartment to increase (Buxton et al., 2004; Zheng et al., 2005; Huppert et al., 2007) . Our data demonstrate that, although the power fit had the highest correlation, a linear model is a reasonable description of the relationship between CBF and CBV during the initiation and evolution of the seizure. We found that the increase in CBF was ϳ7 times the increase in CBV. This is a proportionally greater increase in CBF than CBV compared with what would be expected from Grubb's law. The most likely explanation is that at supranormal increases in CBF as occurs during seizures, the sigmoidal cerebrovascular autoregulation curve of CBF (Lassen, 1964) saturates at higher values than the CBV curve which is limited by the vascular compliance of the brain (Buxton et al., 2004; Zheng et al., 2005; Huppert et al., 2007) . Another possible factor influencing this relationship is the difference in the volume of sampled tissue, being larger for LDF than IOS based on the higher wavelength of LDF light and the smaller size of the IOS ROI. Because we did not measure CBF and Hbt simultaneously, our data must be interpreted with caution. However, the data implies that assumptions about the relationship between CBF and CBV, which may hold during normal cortical processing, may not be applicable during epilepsy.
Relevance to human epilepsy
The initial dip during seizures is not just a phenomenon related to acute animal models of epilepsy. Our lab has recently demonstrated that spontaneous human seizures also elicit a dip in hemoglobin oxygenation that can be measured optically and even used to predict seizure onset (Zhao et al., 2007) . In fact, human intracranial measurements from the 1960s using gold wire electrodes have shown decreases in tissue oxygen at seizure onset (Cooper et al., 1966; Dymond and Crandall, 1976) . Likewise, perfusion increases in the focus and decreases in the surround have also been demonstrated in human brain dating back to the work of Wilder Penfield in the late 1930s, among other investigators (Dymond and Crandall, 1976) (Gibbs, 1933; Penfield et al., 1939; Weinand et al., 1994) . Hence, we do not think our findings are necessarily model-or species-specific and may be generalized to chronic human epilepsy. With regards to clinical relevance, although we have demonstrated a transient focal ischemia in the tissue, there is no indication that any permanent tissue damage will occur during this brief period of time. However, it is certainly possible that repetitive focal seizures could elicit tissue damage if cerebrovascular autoregulation is impaired or systemic blood pressure or oxygenation lowered. Whether hypoxia contributes to the progressive histological and cognitive changes associated with certain types of epilepsy is unknown and will require further investigation. Nevertheless, our data raise the possibility that progressive cognitive decline in certain forms of epilepsy may have a vascular etiology.
